We present deep UBVI photometry for Trumpler 20, a rich, intermediateage open cluster located at l = 301.47
Introduction
Observational studies of Galactic open clusters have become a traditional benchmark to test our comprehension of several aspects of stellar structure and evolution (see Chiosi 2007 , and references therein), and also of the formation and properties of the Galactic disk (see Moitinho 2010 , and references therein).
Being the clusters immersed in the Galactic general field, it is widely recognized that, unless a detailed star by star membership analysis is available (which is not the case for the vast majority of Galactic clusters, see Carraro et al. 2008) , the interpretation of their color-magnitude diagram (CMDs) is seriously complicated by field stars located along the line of sight to the cluster. Together with variable extinction, field star contamination can produce sequences in the CMD which resemble typical cluster sequences (especially in the case of very young clusters), leading to erroneous interpretations. Unfortunately, the real nature of these field sequences can only be clarified with a difficult a posteriori membership analysis (Villanova et al. 2005 , Moni Bidin et al. 2010 ).
This work is part of a series of papers aimed at improving the fundamental parameters of poorly studied Galactic clusters (Seleznev et al. 2010; Carraro & Costa 2007 , 2010 ). Here we address the case of Trumpler 20, whose CMD is obviously dominated by a significant field star population, which has been the cause of past misinterpretations in regards to the cluster itself (Seleznev et al. 2010; Platais et al. 2008 -hereafter Pla08; McSwain & Gies 2005 ).
We present new, deep, UBVI photometry, which has allowed us to put the fundamental parameters of Trumpler 20 on a firmer base. We study the cluster's CMD in detail, and investigate the nature of the conspicuous sequence of bright blue stars in the upper CMD.
-5 -This latter feature is common in clusters located at low Galactic latitudes, and in this particular case its presence has led in the past to a misinterpretation of the cluster CMD (McSwain & Gies 2005) ; here, moreover, we address the question: are these stars blue stragglers (BS) that belong to the cluster or, more conservatively, are they simply field stars? We also discuss the most prominent feature of the cluster CMD, namely its clump of He-burning stars, and use it as a distance and age estimator. The clump is possibly the most obvious indication that past classifications and basic parameters of Trumpler 20 (particularly its age) may be in error.
This paper is organized as follows. In Sect. 2 we summarize previous information available for Trumpler 20 . In Sect. 3 we present our observational material and describe our reduction procedure. The cluster color-magnitude diagram is described in Sect. 4, while in Sects. 5 to 7 we estimate its basic parameters. Sect. 8 is devoted to a discussion on the cluster's clump, and Sect. 9 addresses the suspected BS population of Trumpler 20. The global conclusions of the paper, together with suggestions for future research directions, are given in Section 10.
The star cluster Trumpler 20 in perspective
Trumpler 20 was first noticed by Trumpler (1930) , who denoted it as An. 20. He classified the cluster as a III 2r object, namely a detached cluster with no noticeable concentration, with a medium range of brightness between the stars in the cluster, and a rich cluster with over 100 stars. Trumpler estimated a cluster angular diameter of 10 arcmin, and a heliocentric distance of 2240 pc. Decades later, Hogg (1965) The authors mention, however, that the value obtained for the reddening raises an inconsistency between the photometric and spectroscopic temperatures. The distance obtained by Pla08 is 3.3 kpc, which puts the cluster much further away than Trumpler's early estimate.
In Seleznev et al. (2010) , we combined VI optical photometry with 2MASS data (Skrutskie et al. 2006) , and focused our attention mainly on the structure of Trumpler 20. Detailed star count analysis revealed that the cluster has a regular shape and an angular diameter of 10 arcmin, confirming Trumpler's estimate based on a visual inspection. As shown in Fig. 7 of Seleznev et al. (2010) , the radial density profile is smooth, but the cluster shows a hole in its nominal center. Assuming solar metallicity, we found a reddening consistent with the -7 -one derived by Pla08, but a smaller distance of 2.9 kpc, for an age of 1.5 Gyr. Metallicity, together with an insufficient color baseline, may explain these slightly different results.
In an attempt to better characterize this interesting cluster, in 2009 we acquired new deep UBVI photometry. The description and interpretation of this photometric material is the subject of this paper. We basically aimed at putting the cluster parameters on a firmer base, and tried to establish whether the blue sequence, erroneously indicated as the main sequence of Trumpler 20 by McSwain & Gies (2005) , is composed by field stars or by cluster BS.
As can be seen in Fig. 1 , made from a 900 sec I-band exposure, Trumpler 20 is barely visible in a very dense stellar field, which complicates the interpretation of its CMD (see below). The field shown in Fig. 1 is 20 arcmin on a side; North is at the top, and the East to the left.
Observations and Data Reduction

Observations
The region of interest (see Fig. 1 In Table 1 we present the log of our UBVI observations. All observations were carried out in photometric, good-seeing, conditions. Our UBVI instrumental photometric system was defined by the use of a standard broad-band Kitt Peak UBVI kc set of filters.
3 To determine the transformation from our instrumental system to the standard Johnson-KronCousins system, and to correct for extinction, we observed 46 stars in Landolt's area SA 98 (Landolt 1992 ) multiple times and with different air-masses ranging from ∼ 1.1 to ∼ 2.6.
Field SA 98 is very advantageous, as it includes a large number of well-observed standard stars, with a very good color coverage:
Furthermore, it is completely covered by the FOV of the Y4KCAM.
Reductions
Basic calibration of the CCD frames was done using the Yale/SMARTS y4k reduction script based on the IRAF 4 package CCDRED. For this purpose, zero exposure frames and twilight sky flats were taken every night. Photometry was then performed using the IRAF DAOPHOT and PHOTCAL packages. Instrumental magnitudes were extracted following the point-spread function (PSF) method (Stetson 1987) . A quadratic, spatially variable, master PSF (PENNY function) was adopted. Aperture corrections were determined making aperture photometry of a suitable number (typically 10 to 20) of bright, isolated, stars in the field. These corrections were found to vary from 0.160 to 0.290 mag, depending on the filter. The PSF photometry was finally aperture corrected, filter by filter.
The photometry
After removing problematic stars, and stars having only a few observations in Landolt's (1992) catalog, our photometric solution for a grand total of 297 measurements per filter, turned out to be:
The final r.m.s of the fitting was 0.030, 0.015, 0.010, and 0.010 in U, B, V and I, respectively.
Global photometric errors were estimated using the scheme developed by Patat & Carraro (2001, Appendix A1) , which takes into account the errors resulting from the PSF fitting procedure (i.e., from ALLSTAR), and the calibration errors (corresponding to the zero point, color terms, and extinction errors). In 
Completeness
Completeness corrections were determined by running artificial star experiments on the data. Basically, we created several artificial images by adding artificial stars to the original frames. These stars were added at random positions, and had the same color and luminosity distribution of the true sample. To avoid generating overcrowding, in each experiment we added up to 20% of the original number of stars. Depending on the frame, between 1000
and 5000 stars were added. In this way we have estimated that the completeness level of our photometry is better than 50% down to V = 20.5, and better than 90% down to V = 19.25.
Complementary infrared data and astrometry
Our optical catalogue was cross-correlated with 2MASS, which resulted in a final catalog including UBVI and JHK s magnitudes. As a by-product, pixel (i.e., detector) coordinates were converted to RA and DEC for J2000.0 equinox, thus providing 2MASS-based astrometry.
Using this VIJHK s catalog, Seleznev et al. (2010) performed a detailed star count analysis, and derived the radial surface density profile and size of Trumpler 20. In this study the cluster's center was found to be at: α = 12 h 39 m 34 s , δ = −60
• 38 ′ 42 ′′ ; and its diameter and core radius were determined to be ∼ 30 arcmin and ∼ 5 arcmin, respectively.
-11 -In Sect. 5.1 we will use these values to estimate field star contamination in the CMDs.
Comparison with previous photometry
In Seleznev et al. (2010) we compared our older VI photometry with that of Pla08, and found a good agreement both in V and (V − I). Here we present a comparison of our new BVI photometry, again with that published by Pla08, in V , (B − V ), and (V − I). We note that Pla08 do not present U photometry. Cross-correlating the two data sets we found 5373 stars in common. The results of this comparison are plotted in Fig. 3 .
As was found in Seleznev et al. (2010) , the comparison is again good in both V and (V − I). Given that our photometry is much deeper, the significant scatter seen for V fainter than ∼ 16.0 is clearly due to the increasing errors at the faint tail of Pla08's photometry.
Here we find, however, an important difference in (B − V ). In general, this could be due to a variety of reasons, but in this case we believe that the most probable cause is the observing conditions under which the photometry of Pla08 was obtained. These authors admit that they observed few standard stars -with a quite narrow color range-at relatively high airmass. Together with U, the B filter is traditionally the most sensitive to observing conditions and the set of standard stars used. The quite narrow color range can also explain the trend in the V mag comparison, which shows the presence of a shallow un-accounted color term.
As discussed later, this discrepancy could explain the difference we find in E(B − V ), and the inconsistency between spectroscopic temperature and color discussed by Pla08.
-12 -
Color-magnitude diagrams
In Fig. 4 we present the color-magnitude diagrams ( The FIRB reddening in the line of sight (Schlegel et al. 1998 ) is E(B − V ) = 1.09, which implies A V ∼ 3.0. Given that the line of sight to Trumpler 20 crosses twice the Carina spiral arm, and the Scutum-Crux arm (Russeil 2003) , this reddening value (being an integration to infinity) is probably much larger than the one at the distance of the cluster.
A closer inspection of Fig. 4 shows that:
• the CMD is dominated by a prominent, broad, MS, extending from the turnoff point at V ∼ 16 down to the limiting magnitude of our study;
• at V 14.5 there is a conspicuous clump of He-burning stars, which extends significantly in magnitude;
• a sequence of bright blue stars is seen in the upper left part of the CMDs, extending up to the saturation limit of our data;
• many field stars -dwarfs and giants-are spread across the CMD, which complicate the precise definition of all the above features.
-13 -Overall, this CMD closely resembles that of NGC 7789, both in shape and richness.
We can say that Trumpler 20 looks like a twin of NGC 7789 (see Sect. 6).
Clean color-magnitude diagrams
We have selected cluster members on the basis of their distance from the cluster center. Quite interestingly, the termination point of the MS (the red hook) is still quite blurred, as if several distinct sub-populations were present. We believe this is not the case, and will address this point below.
Empirical determination of the fundamental parameters: comparison with NGC 7789
Anticipating that a comparison of theoretical isochrones with Trumpler 20's CMD is very complicated, due to a very important contamination by disk stars, we have applied an empirical method to derive a first guess of the cluster fundamental parameters. Trumpler 20 is slightly fainter and redder, which might imply a lower age. We recall that the age of NGC 7789 is around 1.6 Gyr. We shall try to derive the age of Trumpler 20 in Sect. 8. 
Fitting theoretical isochrones to the CMD
In Fig. 8 we have over-plotted solar metallicity theoretical isochrones, from the Padova suite of models (Girardi et al. 2000a The TO is reasonably accounted for, while the isochrone clump has the correct magnitude, but a slightly redder color. We believe this is a problem of the models, which possibly rely on poor transformation from the theoretical to the observation plane, and on an imperfect calibration of the mixing length parameter (Carraro & Costa 2007 , Palmieri et al. 2002 , Moitihno et al. 2006 ).
To better understand what is happening in the vicinity of the TO, in the right panel of Fig. 8 we present a zoom of this region, where the same isochrone is plotted twice; once for the same set of parameters as in the left panel, and a second version shifted by 0.7 mag to account for binary stars. Clearly, the broadening of the MS region is mostly due to unresolved binaries, together with some unavoidable field star contamination (see also the discussion in Sect. 9).
-17 -
The red clump
As shown by Girardi et al. (2000b) , the red clump in Galactic star cluster of this age has a well defined shape, with an extension to lower magnitudes and bluer color. Given that one of the most interesting features seen in the CMD of Trumpler 20 is its prominent red clump, here we test if the quality of our photometry allows for a study of the detailed morphology of the clump.
To this aim, we need a refined selection of the red clump members. We first tried to perform a preliminary membership analysis using proper motion components from UCAC3 (Zacharias et al. 2010 ). This effort was not successful, and our conclusion is that this catalog is not useful to study clusters at large distances from the Sun (3 kpc in the case of Trumpler 20). We therefore used the standard procedure of selecting more probable cluster members on the basis of their distance from the cluster center.
In Fig. 9 we show a zoom of the red clump region in the V vs. (B − V ) CMD of Trumpler 20, considering only stars within 5 arcmin from the cluster center. The red clump of Trumpler 20 indeed shows a structure which closely resembles that of NGC 7789, which we know has a similar age (Girardi et al 2000b, Fig 4a) . In this figure we have also plotted a model (evolutionary track) from Girardi & Salaris (2001) , adopting E(B − V ) = 0.35 and (V − M V ) = 13.7, as derived above. The fit is reasonable, and provides a further confirmation of the age, reddening and distance we obtained in previous sections.
As discussed by Girardi et al. (2000b) , this morphology of the clump may be resulting either from star-to-star variations in the mass-loss rates during the RGB phase or by other effects, such as stellar rotation or convective core overshooting, which can cause a significant -18 -spread in the core mass at He-ignition for stars of similar mass. Apart from NGC 7789 and
Trumpler 20, a similar morphology has been found in NGC 2204 and NGC 2660 (Girardi et al. 2000b ).
10. The sequence of blue bright stars: blue stragglers or field stars?
The close similarity between the CMDs of Trumpler 20 and NGC 7789 also applies to the population of bright blue stars. These stars can be either field stars located between the cluster and the observer, or blue stragglers (Ahumada & Lapasset 2007) . These latter should preferentially lie within the cluster area. According to a recent study by Carraro et al. (2008) , in the case of NGC 7789 it turns out that most bright stars in this part of its We note that the reddening in these directions to the Carina arm is about 0.35 mag.
We may therefore expect that most of the stars close to the green dashed ZAMS in Fig. 10 are stars located inside the arm. We note that this ZAMS has been displayed for the mean distance and reddening of the Carina arm (2 kpc and 0.35 mag, respectively), at the longitude of Trumpler 20. Interestingly, this line also crosses the TO region, implying that stars from the Carina arm are significantly blurring the TO region.
We stress that what we are providing here is a mere qualitative description. Only a detailed membership analysis will clarify the real percentage of BSs and field stars.
Conclusions
We have presented deep UBVI and wide-field photometry for On the Galactic structure side, we position Trumpler 20 in the inter-arm region between the Carina and Scutum-Crux arms. We remind the reader that not many clusters of this age are present in the inner disk, possibly because of environmental effects, which prevents survival of open clusters for a long time (Carraro et al. 2005) .
In this respect we believe that a proper spectroscopic study, to better assess membership and metal content, would be really welcome for Trumpler 20. From our photometric study, we can only suggest that its metallicity is probably solar.
Knowledge of its metal abundance would be of paramount importance to help constrain the slope and evolution of the radial abundance gradient in the inner disk -where Trumpler 20
lies-which has yet to be explored (Magrini et al. 2009 (Magrini et al. , 2010 This manuscript was prepared with the AAS L A T E X macros v5.2. North is at the top, and East to the left. 
